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We report on the experimental study of
an optically driven multimode semiconduc-
tor laser with 1 m cavity length. We ob-
served a spatiotemporal regime where real
time measurements reveal very high inten-
sity peaks in the laser field. Such a regime,
which coexists with the locked state and
with stable phase solitons, is characterized
by the emergence of extreme events which
produce a heavy tail statistics in the proba-
bility density function. We interpret the ex-
treme events as collisions of spatiotemporal
structures with opposite chirality. Numer-
ical simulations of the semiconductor laser
model, showing very similar dynamical be-
havior, substantiate our evidences and cor-
roborate the description of such interactions
as collisions between phase solitons and tran-
sient structures with different phase rota-
tions.
In the last decade, the understanding of extreme
events as rogue waves arose considerable interest.
These structures, consisting in a giant wave with a
low probability of appearance, were first discovered
in the context of oceanographic studies on the ma-
rine surface [1], and yet, the origin of rogue waves is
still a matter of debate[2]. The common tool used to
characterize the emergence of extreme events is the
Probability Density Function (PDF). If the statis-
tics deviates from the normal law, with a heavy tail
PDF, then one speaks about rogue waves[3].
Since the experiment of Solli et al.[4], optics
has become a useful workbench to study extreme
events. Thanks to the analogy between optics
and hydrodynamics, rogue waves have been stud-
ied in the one-dimensional nonlinear Schrödinger
equation (1D NLSE) [5, 6, 7, 8, 9]. Although
they may be hard to identify unequivocally [10, 7],
different analytic solutions of the 1D NLSE such
as solitons, rational solutions, solitons on finite
background[11, 12, 13, 14] or collisions between
them [15] have been proposed as prototypes of rogue
waves.
In dissipative systems, the phenomenon of opti-
cal rogue waves has been also studied, for exam-
ple, in the supercontinuum generation [16], in laser
diodes with optical injection [17, 18] or optical feed-
back [19, 20, 21], lasers with saturable absorber
[22, 23, 24, 25, 26] and in resonant parametric os-
cillators [27]. In these contexts, the mechanism of
extreme events formation is more complex to de-
scribe because of the presence of higher nonlinear
terms, gain and losses. Different theories of rogue
waves formation exist [28] where the presence of
dissipation on the ocean surface is clearly present,
and in fact some works concentrate on dissipative
rogue waves [29, 30], although others focus more on
the underlying spatiotemporal chaos [31, 24, 25, 26]
within which rogue waves are observed. A means
to gain control of such extreme events was proposed
by exploiting instabilities and feedback in semicon-
ductor lasers [32]. Dissipative optical rogue waves
have been also studied in spatial domain (see e.g.
[33, 34, 35]).
Recently, in the context of a forced semiconduc-
tor laser, we observed a great variety of regimes
including frequency locked homogeneous state, tur-
bulent regime and dissipative phase solitons [36].
Since they emerge in a forced oscillatory medium,
these solitons fundamentally consist of 2pi phase
rotations (whose direction sets a chirality) embed-
ded in a phase locked background. In a propaga-
tive system with non instantaneous nonlinearity,
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only the counterclockwise direction is stable [37].
Upon collisions, these phase solitons can form com-
plexes [38] with multiple chiral charge. In a re-
cent paper [39], the existence of extreme events
has been associated to collisions of optical vortices
with opposite charge, in two dimensional transverse
systems showing vortex mediated turbulence, de-
scribed by complex Ginzburg-Landau and Swift-
Hohenberg models with external driving. Yet, the
experimental observation of extreme events origi-
nated by collisions in an injected laser system re-
mains a challenging task, and the present work
bridges this gap in a temporal / propagative con-
text.
In this letter, we experimentally show that colli-
sions can create extreme events in a forced semicon-
ductor laser. We also illustrate how these localized
events with high amplitude modify the PDF of the
power fluctuations of the wave. Furthermore, we
performed numerical simulations based on a well-
tested semiconductor laser model and provide a the-
oretical explanation for extreme events formation.
Fig. 1 shows a schematic representation of the
experimental setup implemented to investigate dif-
ferent dynamical regimes of a forced semiconductor
laser. The slave laser is a semiconductor laser in
a Fabry-Perot configuration where the correspond-
ing power is called Pslave. The cavity is composed
by an active medium which is antireflection coated
only on one side. A lens is inserted to focus the out-
put field on a high reflectivity mirror (99%) which
closes the one meter-long cavity. This cavity length
has been chosen to allow a large number of lon-
gitudinal modes within the active medium’s gain
linewidth[36] and a photon life time bigger than
the carriers life time while still keeping a reason-
ably short round-trip time, enabling fully real-time
measurements. Two 10% beam splitters are in-
serted inside the Fabry-Perot resonator to provide
both an input for the forcing field and an output
for the detection of the emitted field. The mas-
ter laser is provided by a grating tunable exter-
nal cavity semiconductor laser. In order to pre-
vent all reflections from the slave laser to the mas-
ter laser, an optical isolator is inserted. The out-
put is observed by using a high sensitive photodi-
ode (Thorlabs PDA8GS) connected to a fast oscillo-
scope (Tektronix DPO71254C). Simultaneously, an
optical spectrum analyser is used to measure the
spectrum.
We use half-waveplate combined with a polariz-
ing cube to control the power Pmaster of the injected
field inside the cavity. We obtain different dynam-
ical regimes (stable phase solitons, turbulence or
phase locking) depending on the detuning (∆) be-
tween the master and the slave laser. Here we fo-
cused on new regimes where an underlying irregular
dynamics could couple with the propagation of self-
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Figure 1: Experimental setup. The Fabry Perot
(FP) semiconductor laser is forced by a master
laser. C1, C2: beam splitter (10%); Am: active
medium with antireflection coating on one side, and
with highly reflective coating M1 on the other side;
L: lens; M2: high reflectivity mirror (99%); OSA:
optical spectrum analyser. Cavity length is about
1 m.
organized structures. In particular we have selected
a specific regime where we observe the emergence
of a spatiotemporally localized event with a high
amplitude.
Using the fast oscilloscope, we have recorded long
time series of the intensity and constructed in real
time a space-time diagram. To do that, we have
folded the long time trace as a function of the
roundtrip time of the cavity (6.45 ns). In this con-
figuration, the horizontal axis is the roundtrip time,
corresponding to the spatial dimension, and the ver-
tical axis is the number of roundtrips. Fig. 2 (a) rep-
resents a spatiotemporal diagram in the regime de-
scribed above. We can observe mainly three differ-
ent behaviors. During the 7751 first roundtrips, the
system is in synchronized state. Between roundtrips
7850 and 10060, the system exhibits a markedly dif-
ferent and complex dynamics. We can recognize the
propagation of dissipative phase solitons, often with
double charge. These coherent structures, which
are spontaneously nucleated from the synchronized
state, propagate and sometimes collide with differ-
ent structures propagating in the opposite direction
in this reference frame 1. These collisions induce
extreme events (see below for a statistical charac-
terization) localized in time and space as we can see
in Fig. 3.
In Fig. 2 (b), we have chosen a slightly differ-
ent comoving reference frame with respect to Fig. 2
(a) in order to optimize the representation of the
collision. In this case, we can clearly observe that
before the collision, the dissipative phase soliton
with chiral charge two collides with a different tran-
sient structure. After this collision, one hump of
the soliton complex seems to be annihilated and
a new hump is regenerated about ten roundtrips
later. This double structure propagates and eventu-
1Note that we measure only one direction of propagation
of the field. Opposite propagation direction in the chosen ref-
erence frame does not mean opposite propagation direction
of the field in the laboratory frame
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Figure 2: (a) Space time diagram showing the dif-
ferent regimes observed in the experiment. Col-
lisions between dissipative phase solitons and
counter-propagating structures lead to the emer-
gence of extreme events. Before 7500 the system is
stably locked and after 10500 one soliton is stable.
(b) Observation of collision in a slightly modified
reference frame (6450 ps roundtrip time instead of
6470). The laser threshold current is 18 mA, here
its bias current is set at 1.6 times above the thresh-
old. Experimental parameters: Pslave = 700µW
; Pmaster = 2.5mW ; ∆ = λslave − λmaster =
−0.12nm. The actual power coupled into the cavity
is at most a few % of Pmaster.
ally collides again with a counterpropagating struc-
ture, giving rise to a new extreme event. Finally,
after this complex regime (from roundtrip number
10400 to the end of this record), a regular regime
is attained, dissipative phase solitons with a chiral
charge of two are stable and propagate without col-
lisions.
The statistical impact of these events can be char-
acterized by the computation of the PDF. Differ-
ent approaches to PDF computation exist, depend-
ing on the flavour of the physics and the field of
research[40, 3, 25]. In our system, we can have both
complex dynamical states and completely coherent
locked states. For this reason, we focus on the PDF
of the power fluctuations for a long time trace as it
is represented in Fig. 4.
The black solid line represents the PDF on all
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Figure 3: Cross sections through the space time
diagram localized around the event with the highest
amplitude (corresponding to dashed black lines in
Fig. 2). Left: Horizontal cut at the roundtrip 9764.
Right: vertical cut at the time τ/τc = 0.21.
the roundtrips. The PDF is asymmetric and shows
a clear heavy tail at the highest power values. The
dashed red line, green line with circles and blue
line with squares correspond respectively to the syn-
chronized state, the turbulent regime and the soli-
ton propagation regime described in Fig. 2 (a). In
the synchronized state, where the emission is reg-
ular and continuous, the PDF results essentially
from the physical and detection noise (dominant),
which is stochastic. This explains why the PDF
has a gaussian form. In the opposite case, in the
turbulent regime, the emergence of extreme events
modifies strongly the PDF which deviates from the
gaussian statistics to exhibit a heavy tail statistics.
Finally, the propagation of dissipative phase soli-
tons plays also a significant role in the modification
of the PDF. Due to their particular shape includ-
ing a depression on the trailing edge [36, 37], the
probability of the low power values is increased.
To simulate a semiconductor cavity with coher-
ent injection we consider the following set of rate
equations
∂E
∂z
+
∂E
∂t
− d∂
2E
∂z2
= T [−(1 + iθ)E + y + (1− iα)ED]
∂D
∂t
= b
[
µ−D
(
1 + |E|2
)]
which is derived from the effective Maxwell-Bloch
equations when the polarization of the medium is
adiabatically eliminated. E and D represent, re-
spectively, the electric field and the excess of car-
rier density with respect to transparency. y is the
amplitude of the injected field, θ is the frequency
mismatch between the injected field and the closest
empty cavity resonance, T represents cavity losses.
Finally α is the linewidth enhancement factor, µ
is the pumping current and b is the ratio of the
roundtrip time to carrier lifetime. For further in-
formation on the derivation of the model and its
description see Ref. [37, 38]. The diffusion term
d has been introduced phenomenologically to take
into account the finite gain linewidth of the semi-
conductor laser.
We kept fixed the parameters α = 3, T = 0.3,
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Figure 4: Experiment: Probability Density Func-
tion (PDF) of the power fluctuations along the
recording time trace. The PDF shows the deforma-
tion of the statistics with the emergence of localized
events with high amplitude. Dashed red line : PDF
from 0 to 7751 (locked state); Green line with cir-
cles: from 7850 to 10060 (collision regime); Blue
line with squares: from 10500 to 15500 (stable soli-
ton propagation); Black line: PDF from 0 to 15500.
Dashed black line: often used rogue wave threshold
< P > +8σ with σ the standard deviation (calcu-
lated in the collision regime). Inset: kurtosis (k4)
for each PDF.
b = 10, and d = 10−6, and set the pump current
well above threshold µ = 2 (µth = 1). The detun-
ing θ = −2.7 and the injection amplitude y = 0.11
were chosen so that the homogenous stationary so-
lution is triple-valued, and the upper state is stable.
Futhermore, the value of y, µ and θ are very close
to the experiment.
In Fig. 5 (b) we show a zoom of the spatio-
temporal diagram in a simulation where the initial
condition was the homogeneous stationary solution
with a superimposed phase kink of 4pi (but the same
kind of regime can develop starting from noise).
We can notice that the spatiotemporal dynamics
present some clear similarities with the experimen-
tal data. In particular we can observe the presence
of phase solitons and the emergence of some pecu-
liar structures moving at a different velocity that
eventually collide with the phase solitons, giving
rise to an event of high intensity.
In Fig. 5(a) we show the phase diagrams rela-
tive to the horizontal cuts highlighted in Fig. 5(b),
time grows from red to yellow. The points A, B
and C are the projections in the Argand plane of
the the three fixed points [36, 37], respectively a
node (stable for our choice of parameters), a saddle
and an unstable focus. In the first frame, relative
to roundtrip section 1, we can observe a phase soli-
ton complex [38] of charge 3 that propagates inside
the cavity: the trajectory of the system consists in
three counterclockwise phase rotations in the Ar-
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Figure 5: Numerical simulation: zoom of the spa-
tiotemporal diagram of the electric field intensity
around a collision (a), and trajectories in the Ar-
gand plane for the selected roundtrip sections (b).
Roundtrip section 3 coincides with the occurrence
of a high intensity event and it is preceded by a
clockwise rotation at the roundtrip section 2.
gand plane, passing only once close to point A. At
roundtrip section 2 a new object emerges at the
right side of the soliton complex, together with a
clockwise phase rotation (charge -1) in the Argand
plane. The interaction between the two structures
gives rise to a high intensity event at roundtrip sec-
tion 3, where the clockwise rotation has already
been lost. The interaction has also the effect of al-
tering the phase soliton complex velocity inside the
cavity, as can be noticed just after roundtrip section
3. At roundtrip section 4 the complex has regained
its shape, with one additional charge, coming from
the interaction.
The above evidences indicate that the appear-
ance of these short-lived pulses with clockwise phase
rotations that collide with stable phase solitons is
the basic physical mechanism responsible for the
extreme events observed in this system.
In conclusion, we have reported the experimental
observation of extreme events due to the collision of
localized structures in a forced semiconductor laser
in a Fabry-Perot configuration. The appearance of
these events localized in time and space changes
strongly the PDF which exhibits a heavy tailed
statistics. Numerical simulations based on a semi-
conductor laser model in a dynamical regime very
close to the experiment have shown that strong in-
tensity peaks follow the interaction between a phase
soliton carrying a counterclockwise phase rotation
and a low-intensity transient structure carrying a
clockwise phase rotation. However, this transient
object is of comparatively weak amplitude and its
detection is beyond the capabilities of the phase
measurement apparatus used in [36, 37].
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